The present paper summarizes and discusses the results obtained from a series of ultrastructural investigations of the effect of chromosome 5B on chromosome pairing and synaptonemal complex formation in wheat, T. aestivum cv. Chinese Spring. The material comprises hexaploid wheat nullisomic for chromosome 5B, monosomic for 5B, euploid wheat, wheat where chromosomes 5B have been replaced by one, two or three copies of an isochromosome for the long arm of chromosome 5B; trihaploid wheat with and without 5B and hybrids between Chinese Spring wheat and diploid rye with chromosome 5B, without 5B or carrying an isochromosome for the long arm of 5B. It is shown that nullisomy for chromosome 5B in hexaploid wheat results in a two-to threefold increase in the number of lateral components in multiple associations already from the beginning of zygotene and in trihaploid wheat and wheat-rye hybrids in a two-to threefold increase in the number of pairing partner exchanges per lateral component involved in synapsis. Only nullisomy for chromosome 5B and triisosomy for the long arm of chromosome 5B permit crossing over between the homoeologous chromosomes of wheat. It is inferred that the product of the Ph locus on chromosome 5B affects both synapsis and crossing over. As these timewise separated processes are assumed both to be initiated by heteroduplex formation, this might provide the common link in the action of the Ph gene. The results obtained with the genotypes containing different dosage of the Ph gene disprove both the hypothesis that Ph influences a premeiotic chromosome rearrangement (t 3, 14, 15) and the hypothesis (18, 82) that Ph controls the timing of crossing over with respect to the process of correction of multiple pairing associations.
INTRODUCI'ION
In 1917 O. WlNGE (83) proposed that hybridization between closely related species followed by chromosome doubling was a common event in the evolution of higher plants. Thereby, as discussed by WINGE, the frequent occurrence of arithmetic series of chromosome numbers found in many plant genera could be explained and each chromosome would as a result of chromosome doubling be provided with a homologous partner during meiosis. Hybridization followed by chromosome doubling, later referred to as allopolyploidy (37) or amphidiploidy (47) is now generally accepted as a major evolutionary mechanism and it is estimated that up to 50% of all higher plants, including some of the most important crop plants (e.g. wheat, cotton, tobacco and oats) are allopolyploids (5, 60, 64, 65, 72) . Recent molecular and genetic studies have also suggested that at least hybridization may be an important factor in the evolution of lower eukaryotes such as yeasts, as the lager brewing yeast, Saccharomyces carlsbergensis, appears to have a hybrid origin (48, 50) .
The establishment of a new allopolyploid species is dependent on a number of parameters, a major one being diploid behaviour at meiosis. The stability of the species as well as its fertility depends on crossing over being confined to homologous chromosomes, as crossing over between the partly homologous (homoeologous) chromosomes of the parental genomes results in the breakdown of the individual genomes as well as partial sterility due to the irregular segregation of the chromosomes in multivalents at the first meiotic division.
As allopolyploids often are considered superiOr agronomically to their diploid ancestors, due to the formation of larger plants, flowers, fruits, seeds, greater ecological adaptability and greater evolutionary potential because of their permanent hybrid character (3) , numerous attempts to create new allopolyploids have been made. However, with a few exceptions such attempts have failed, primarily because of the occurrence of crossing over between the homoeologous chromosomes. This implies that allopolyploids in the course of their evolution have acquired a meiosis which insures a disomic inheritance. As allopolyploidy is common throughout the evolutionary spectrum of higher plants, a mechanism for exclusive chiasma formation between homologous chromosomes must have evolved independently in a number of species (5, 60, 65) .
Cytogenetic studies of the common bread wheat, Triticum aestivum, have provided some insight into this. T. aestivum is generally considered a type example of an allopolyploid and extensive investigations have shown that it is an allohexaploid (2n=6x=42) which has arisen by two successive hybridization events and chromosome doublings, involving three different species (T. monococcum, 2x=14, A genome:, unknown species, 2x=14, B. genome; T. tauschii, 2x= 14, D genome). Breeding experiments and genetic and cytological studies have shown that each pair of chromosomes is homoeologous to a chromosome pair in each of the two other genomes. Irrespective of this partial homology between the three genomes, crossing over and chiasma formation occur only between homologues, the outcome being an exclusive presence of bivalents at metaphase I, a regular segregation and a disomic inheritance (60, 64, 65) .
Cytogenetic studies have disclosed the presence of a major controlling gene (Ph, pairing homoeologous) in the middle of the long arm of chromosome 5B (10, 29, 66 ). This gene is generally considered to be a single locus, as there is no segregation for intermediate meiotic characteristics in the progeny, although as discussed by SEARS (65) the presence of two or more loci cannot be excluded. In the absence of chromosome 5B or its long arm or in the phlb mutant line (66) the disomic inheritance breaks down due to crossing over and chiasma formation between the homoeologues in hexaploid wheat, in the trihaploid or in hybrids between wheat and related species (38, 49, 56, 57, 59, 66) . By crossing wheat nullisomic for chromosome 5B, or carrying the ph lb mutation, with other wheat species or rye, various genes conferring disease resistance have been transferred into T. aestivum by means of meiotic crossing over between the wheat chromosomes and their homoeologues from the other species participating in the cross (61, 68) .
Additional genes of minor importance for regulating the diploid like meiosis of T. aestivum have been identified on the short arms of homoeologue group 3. The absence of these chromosome arms leads to chiasma formation between the homoeologues in hybrids between wheat and related species, but has no effect on meiosis in hexaploid wheat (28, 43, 44, 45) . The effect of the short arm of chromosome 3D is attributed to a locus Ph 2 (67) formerly believed to reside in the long arm of chromosome 5B (77, 78) . Finally, Ph like genes also appear to be present in accessory B chromosomes of Aegilops mutica and A. speltoides, since the presence of these chromosomes in hybrids between T. aestivum and these Aegllops species counteract the effect of nultisomy for chromosome 5B (6) .
Ultrastructural studies ofeuploid wheat using serial sectioning and three dimensional reconstruction (18, 30) or spreading and silver staining of meiotic nuclei (20) revealed that chromosome pairing and synaptonemal complex formation at zygotene primarily occurred between homologues. However, in most nuclei (8 of 11 mid zygotene and 4 of 7 late zygotene nuclei (20) ) one or more multiple associations had formed due to pairing partner exchanges. Nearly all multiple associations were corrected before pachytene, but a few persisted through this stage where crossing over occurs. These observations led to the general proposal that the disomic inheritance in allohexaploid wheat can be attributed to the following (20) : l) A high stringency of synapsis during zygotene, whereby synaptonemal complex formation primarily occurs between homologues.
2) A correction of chromosome pairing at the end of zygotene, whereby multiple associations are transformed into pairs of homologues, bivalents, before crossing over occurs.
3) Suppression of crossing over between paired segments of homoeologous chromosomes retained during the crossing over period.
The ultrastructural investigations now comprises studies of chromosome pairing in trihaploid wheat with and without chromosome 5B (79), wheat-rye hybrids nullisomic for 5B, euploid hybrids and hybrids where chomosome 5B has been replaced by an isochromosome for the long arm of chromosome 5B (monoisosomic 5BL) (80) , hexaploid wheat nullisomic for 5B (22) , monosomic for 5B (21), euploid wheat (18, 20, 31) , and wheat monoisosomic and diisosomic for 5BL (23) and triisosomic for 5BL (84) . These studies were all performed on the cultivar Chinese Spring. In addition, trihaploids derived from the Chinese winter wheat varity Kedong have been analyzed (79) and exploratory studies have been performed on two hexaploid Danish winter wheat varieties Vuka and Kraka (23) . The results obtained for the different genotypes are given in the individual papers, but it is the intention of the present paper to summarize the most important findings from these studies and with their ~id discuss the function of the Ph locus on the long arm of chromosome 5B.
MATERIALS AND METHODS
The materials, the growth conditions and the procedures for light and electron microscopy are described in the individual reports in this series (18, 20, 21, 22, 23, 30, 79, 80, 84) .
RESULTS

General aspects
Initiation and progression of chromosome pairing and synaptonemal complex formation during zygotene were monitored to assess if different dosages of chromosome 5B or its long arm have qualitative and/or quantitative effects on synapsis. The specificity of chromosome pairing and synaptonemal complex formation is evaluated through counting the number of lateral components which by pairing partner exchange are involved in multiple associations or by directly counting the number of pairing partner exchanges per lateral component (haploid wheat and wheat-rye hybrids). The degree of synapsis achieved is measured in pachytene nuclei or nuclei where synaptonemal complex degradation has just been initiated (nuclei at the pachytene to diplotene transition or early diplotene nuclei).
Hexaploid wheat
From the summary of the data in Table I the following conclusions can be drawn as to the effect of chromosome 5B: 1) Chromosome 5B affects the extent of chromosome pairing and synaptonemal complex formation. In its absence synaptonemal complex formation stops when 35-40% of the complement has synapsed (pachytene: mean of 42%, pachytene to diplotene transition: mean of 37%, and early diplotene: mean of 33%). Monosomy for chromosome 5B results in synaptonemal complex formation for 87% of the complement (pachytene: mean of 90%, early diplotene: mean of 84%) while in euploid wheat synapsis is slightly more complete (91%; pachytene: mean of 97%, early diplotene: mean of 85%). The replacement of chromosome 5B with one copy of an isochromosome for the long arm of 5B results in pairing arrest when 55% of the complement has synapsed (23), two isochromosomes lead to arrest when 40% of the complement is joined with a synaptonemal complex while the presence of three copies of the isochromosome supports even less synapsis (25%). As discussed in section 4.2 the arrest ofsynapsis in nullisomic 5B wheat or the genotypes carrying the isochromosomes results from the lack of the short arm of chromosome 5B. 2) There is an apparent correlation between the dosage of chromosome 5B and the specificity of synapsis, expressed as the number of lateral (Table I) . Throughout zygotene there is thus a 3:2:1 ratio between the number of lateral components in multiple associations in hexaploid wheat carrying 0, 1 or 2 copies of chromosome 5B. In plants with two isochromosomes for the long arm of chromosome 5B, the number of pairing partner exchanges between chromosomes that are not homologous may be even lower than in euploid wheat while there is a drastic increase in the number of pairing partner exchanges in triisosomic 5BL wheat. The correlation between copy number of chromosome 5B or its long arm and the frequency of pairing partner exchanges is discussed in section 4.3.
3) There is an effect of chromosome 5B on the type of pairing partner exchange. At early and mid zygotene in euploid wheat most pairing partner exchanges are of type II, i.e. associations consisting of two partially paired bivalents or a bivalent and a univalent, which synapses with each other over a 0.5-1.0 gm distance, whereafter the involved lateral components switch back to their original partner. In nullisomic and monosomic 5B wheat more complex associations form and single pairing partner exchanges with long segments of synaptonemal complex around the region of exchange are much more frequent. Only in nullisomic 5B wheat do the chromosomes exchange partners close to the telomeres while in the other genotypes the exchanges are almost exclusively in interstitial chromosome segments. 4) In euploid wheat almost all multiple associations are resolved into bivalents by the synaptic correction mechanism before pachytene while in nullisomic and monosomic 5B wheat the multiple associations present at mid-late zygotene persist uncorrected through pachytene and into diplotene. These differences in synaptic correction are discussed in section 4.4. 5) Irrespective of the presence of several multiple associations at pachytene in monosomic 5B wheat and a few in euploid wheat and probably also in diisosomic 5BL wheat, crossing over and chiasma formation are exclusively confined to homologous pairs in the three genotypes while crossing over and chiasma formation can occur between homoeologues in the absence of chro- mosome 5B or if three copies of the isochromosome for the long arm of chromosome 5B are present. These differences in crossing over are discussed in section 4.5. 6) Chromosome 5B has an effect on bouquet formation and its subsequent resolution. There is thus a more well defined and compact bouquet configuration in euploid wheat and diisosomic 5BL wheat than in nullisomic 5B wheat.
In the absence of chromosome 5B the bouquet also appears to resolve at an earlier stage of synapsis than in euploid wheat while in diisosomic and triisosomic 5BL wheat the bouquet configuration persists into diplotene.
Trihaploid wheat and wheat-rye hybrids
A summary of the data obtained from the analysis of trihaploid wheat and the wheat-rye hybrids is given in Tables II and III . The following conclusion can be drawn as to the effect of chromosome 5B and its long arm. 1) In trihaploid wheat obtained by cultivation of anthers from Chinese Spring wheat synaptonemal complex formation stops when about 35-40% of the complement has synapsed. Haploids derived from Kedong achieve up to 90% synapsis. As only two nuclei were analyzed from trihaploid wheat nullisomic for chromosome 5B the extent of synapsis in this genotype cannot be Table III assessed. In each of the three wheat-rye hybrids analyzed there is substantial variation in the degree of synapsis between nuclei at the same stage. In all three genotypes some 40-50% of the complement synapses. Only the isochromosome achieves full synapsis.
2) In the absence of chromosome 5B in haploid wheat there are nearly 2.5 times more lateral components in associations involving more than three lateral components than in the euploid haploids. Likewise, there are nearly twice as many pairing partner exchanges per lateral vomponent involved in synapsis in the absence of 5B than in its presence. In the nullisomic 5B wheat-rye hybrids there are at late zygotene about twice as many lateral components in associations involving more than four lateral components than in the euploid hybrids and the hybrids carrying the isochromosome. The number of pairing partner exhanges per lateral component in nullisomic 5B hybrids exceeds that found in the euploid hybrids by a factor of 2.3 and that in the monoisosomic 5BL hybrids by a factor of 1.7.
3) In euhaploid wheat pairing partner exchanges are eliminated and several multiple associations corrected to associations of two and three chromosomes as pairing proceeds. This is also the case in the wheat-rye hybrids where the number of pairing partner exchanges by late zygotene is reduced to half of that found at earlier stages of zygotene. Likewise, with the exception of the nullisomic 5B hybrids where there are as many lateral components in multiple associations at late zygotene as at early zygotene, there are in the other two genotypes only half the number of lateral components at late zygotene than at the preceeding stages. 4)In spite of 35-40% synapsis in the trihaploid wheat derived from Chinese Spring; up to 90% synapsis in trihaploids obtained by cultivation of anthers from the variety Kedong and 40-50% synapsis in the euploid and monoisosomic 5BL hybrids there is virtually no chiasma formation in these materials. In the absence of chromosome 5B the number of chiasmata increases more than 40 times in the trihaploid wheat while there is an approximate ratio of 100:10:1 in the number ofchiasmata in wheat-rye hybrids without 5B, with a single 5B and with an isochromosome for the long arm of chromosome 5B. 5)In the nullisomic 5B hybrids the bouquet appears to be more open and resolves at an earlier stage than in the euploid and monoisosomic 5BL hybrids.
DISCUSSION
General aspects of synapsis in wheat
The cultivar Chinese Spring is the standard variety for wheat cytogenetic studies. According to SEARS and MILLER (69) this cultivar has not been selected for any particular reason save that it hybridizes readily with rye and major differences in the meiotic characteristics between this cultivar and other wheat cultivars are not apparent. The present analysis of the two Danish winter wheat varieties Vuka and Kraka, showing interlocking and pairing partner exchange at zygotene, incomplete synapsis leaving some interlockings and multiple associations unresolved and uncorrected and a short duration of the pachytene stage provides an initial indication that Chinese Spring also at the ultrastructural level may be considered representative for other wheat cultivars.
In contrast, major differences are apparent in the extent of synapsis in haploids derived from Chinese Spring and the Chinese winter wheat variety Kedong, where up to 90% synapsis was observed in the latter but only up to 41% in the former. It remains unknown whether differences exist also at the hexaploid level as synapsis in the hexaploid Kedong wheat has not been analyzed, but the difference at the trihaploid level may be attributed to the fact that the haploids from Kedong were much larger and vigorous than the haploids derived from Chinese Spring.
The incomplete synapsis in euaUohexaploid wheat may, in addition to leaving a few multiple associations uncorrected (see section 4.5) and interlockings unresolved (20) have some further effect on meiosis. In the incompletely paired pachytene nuclei the unpaired segments are often of considerable length, comparable to the length of a chromosome arm. Extensive asynapsis of a pair ofhomologues may result in the lack of crossing over, the result being precocious separation where the univalents may undergo nondisjunction at anaphase I. This may explain why univalents are regularly found at metaphase I and why monosomic lines are easily obtained in wheat. Incomplete synapsis may also affect the distribution of crossing over in the individual bivalents. As the middle segments of the bivalents are the ones most frequently unsynapsed, crossing over may occur less frequently in these segments. Recent investigations using structural, biochemical and genetic markers have thus indicated that crossing over primarily occurs distally in the chromosome arms of wheat. In the long arm of chromosome 6B there is virtually no crossing over between the centromere and the nucleolus organizing region located about two-thirds of the length of the short arm away from the centromere (9) . In the long arm of chromosome 5B the proximal 36% of the arm has a genetic length of only 6 cM, the middle 25% of the arm a length of 25 cM, while the distal 38% was 53 cM long (29) . The incomplete proximal synapsis may relate to the timing of meiosis, in particular the short duration of the pachytene stage, but may also depend on the genetic constitution of the proximal segments, not supporting synapsis and subsequent crossing over. In particular the chromosomes of the B genome contain large blocks of proximal heterochromatin consisting of repeated DNA sequences (27) and synaptonemal complex formation appears often to be delayed or incomplete in large heterochromatic regions containing highly repeated DNA (54) . Synapsis can also be incomplete in centromere regions devoid of centromeric heterochromatin as exemplified in Allium ursinum (42).
Pairing arrest
The incomplete synapsis in hexaploid wheat in which chromosome 5B has been replaced by one, two or three copies of an isochromosome for the long arm have to be attributed to the absence of the short arm of chromosome 5B. This can also account for incomplete synapsis in plants lacking chromosome 5B altogether. In agreement with this several light microscopic studies have suggested the presence of a "pairing promoter" on this chromosome arm as wheat plants with one ortwo isochromosomes for 5BL have a somewhat lower number ofchiasmata at metaphase I than euploid wheat or wheat tetrasomic for 5B (58, 62) . This "pairing promoter" appears to reside in the distal third of the short arm of chromosome 5B as homozygosity for a deletion of this segment results in chiasma frequencies similar to that found in wheat lacking the entire short arms of chromosomes 5B (39) . However, since the degree of pairing in nullisomic 5B wheat (35-40%) and di-and triisosomic 5BL wheat (40% and 25%) is somewhat lower than in monoisosomic 5BL wheat (55%), the absence of the long arm orits presence in four or six copies may additionally reduce the degree of synapsis.
The relationship between dosage of the long arm of chromosome 5B and the degree of pairing achieved in the different hexaploid genotypes investigated is shown in Figure 1 assumption that the absence of the short arm of chromosome 5B reduces synapsis to the same extent in wheat diisosomic and triisosomic for 5BL there is an almost linear correlation, i.e. a possible dosage effect of the long arm on the degree ofsynapsis in the range from two to four tO six copies of the long arm. The other curve in Figure 1 (broken line) presents the data by YACOBI et at. (85) on the relationship between dosage of chromosome 5BL and the frequency of interlocking at metaphase I, expressed as the frequency of interlocking per ring bivalents. It is apparent (Figure 1 ) that there is an excellent correlation between the interlocking frequency and the amount of synapsis achieved in the five genot~pes investigated. YACOBI et at. attributed the different frequencies of interlocking at metaphase I to a dosage effect of the Ph locus on a premeiotic organization of the chromosomes and genomes of wheat (13, 85) . In the absence of Ph all homoeologues were assumed to be associated, the result being multivalent formation and interlocking between homoeologues. Two copies of Ph should result in a close association of homologues only whereby interlocking could not occur. Six doses of Ph should suppress all premeiotic associations, leading to a random distribution of chromosomes in the nucleus and result in interlocking and some synapsis between homoeologues. In contrast, the present data show that the interlocking frequency at metaphase I instead relates to the extent of synapsis achieved at zygotene in the individual genotypes. In organisms where the synapsis is complete all interlockings are usually resolved by the breakage-reunion mechanism (82) . This mechanism appears to be activated when the lateral components in a region of interlocking are brought into contact either due to progression of synaptonemal complex formation between the interlocking lateral components or due to movement in different directions of the interlocked and interlocking chromosomes. When synapsis is arrested before completion several interlockings are not recognized and resolved and are maintained up to metaphase I. The present data reveal that for the investigated genotypes with partial asynapsis, the frequency of interlocking at metaphase I may be taken as a quantitative measure of the degree ofsynapsis achieved at zygotene.
In the three wheat-rye hybrid materials a similar effect on the extent of synapsis by the presence/absence of chromosome 5B or the presence of an isochromosome is not apparent as all three hybrids appear to proceed roughly to the same amount ofsynapsis. The hexaploid and the hybrid materials may, however, not be directly comparable since synapsis in the hybrids only can occur between homoeologous and nonhomologous chromosomes. As nullisomy for chromosome 5B results in an increased frequency of synapsis between homoeologous and nonhomologous chromosomes (see section 4.3), a higher degree ofsynapsis would be expected in the nullisomic 5B hybrids. The absence of the short arm of chromosome 5B may, however, counteract this effect.
Pairing arrest at early-mid zygotene is not per sea determining factor for the changes in the frequency of pairing partner exchanges in the different genotypes. In nullisomic 5B hexaploid wheat pairing is arrested when approximately the same degree of pairing is achieved as in wheat carrying two isochromosomes for the long arm of chromosome 5B, but there are four times more lateral components in multiple associations in the former genotype than in the latter. Likewise, the twofold difference in frequency of pairing partner exchanges per lateral component noted in the different materials of the wheat-rye hybrids is not correlated with similar differences in the degree of synapsis achieved.
Specificity of synapsis
Nullisomy for chromosome 5B results in hexaploid wheat, trihaploid wheat and wheatrye hybrids in a two-to threefold increase in the number of lateral components in multiple associations and the number of pairing partner exchanges per lateral component engaged in synapsis. These differences are apparent already from early zygotene. In hexaploid wheat there is an almost linear decrease in the number of lateral components in multiple associations when the number of copies of 5B increases from 0 to 1 to 2 copies (Table I, Figure 2 ). The replacement of chromosomes 5B with two isochromosomes for the long arm of 5B results in a number of lateral components in multiple associations which is similar to or slightly lower than that seen in euploid wheat at the same stage of synapsis (Table I, Figure 2 ). However, while the results from the nullisomic, monosomic and euploid genotypes provide a measure of the amount of synapsis between chromosomes that are not homologous, the frequency observed in the diisosomic 5BL genotype includes possible pairing partner exchanges between the four identical/homologous arms of the two isochromosomqs as these cannot be distinguished from the other lateral components of the complement. The actual frequency ofsynapsis between homoeologous and nonhomologous chromosomes may therefore be somewhat lower in this genotype than in euploid wheat. This may also be the case for the triisosomic 5BL genotype, where the presence of six homologous/identical arms may contribute significantly to the high frequency of pairing partner exchanges observed in this genotype.
A substantial part of the pairing partner exchanges in monosomic 5B wheat may be attributed to the mere presence of a univalent chromosome 5B, resulting in pairing partner competition between the partly homologous chromosomes of homoeologue group 5 (21) rather than a dosage effect of chromosome 5B. A dosage effect of chromosome 5B on the frequency of pairing partner exchange is not found in the three wheat-rye hybrids (Table III) . As pairing partner exchanges also are very frequent in hexaploid wheat carrying three isochromosomes for the long arm of chromosome 5B, the breakdown of homologous synapsis in nullisomic 5B and triisosomic 5BL wheat more likely results from a disturbance of the synaptic process caused by an absence or an excess number of copies of the Ph gene rather than a dosage effect of Ph.
In all three types of materials (hexaploid, trihaploid and wheat-rye hybrids) the increase in the number of pairing partner exchanges in the absence of chromosome 5B is apparent already from the beginning ofzygotene and can thus not be attributed to differences in correction of the multiple associations. Instead, the absence of chromosome 5B appears to result in a relaxation of the stringency of synapsis. This contention is further supported by the observation that the location of the pairing partner exchanges as well as the types of multiple associations are different in the nullisomic 5B and euploid wheat. In the latter the multiple associations at early zygotene primarily result from short "synaptic contacts" between extensively synapsed bivalents (Type II, "switch back" associations) while pairing partner exchanges flanked by long segments of synaptonemal complex as well as pairing partner exchanges close to the telomeres are frequent in the absence of SB. As analyses of nuclei at the leptotene to zygotene transition in euploid wheat have failed to reveal alignment of pairs or groups of lateral components, a premeiotic alignment ofhomologues as a means of ensuring synapsis preferentially between homologues is excluded.
It is frequently assumed that the specific synapsis between homologous segments at zygotene results from a recognition at the DNA level, perhaps by heteroduplex formation between single stranded DNA from the aligned chromosome segments. In Lilium evidence has thus accumulated that recognition between homologues is mediated by heteroduplex formation between a class of unique sequences (the socalled zygotene DNA), which remains unreplicated until zygotene (73) . A similar hypothesis proposes that meiotic synapsis is mediated by the invasion of a large number of single stranded DNA segments ("feelers") from one chromosome meeting another one (71) . Only if several neighbouring heteroduplexes can be formed in this way the synaptic configuration wiU persist, whereas a lack of extended homology results in a resolution of the heteroduplexes and the synaptic configuration with possible gene conversion but no chiasma formation as a consequence.
From ultrastructural observations (l 9, 82) it is apparent that synapsis of chromosomes results from at least two consecutive events, namely alignment and synaptonemal complex formation. During alignment juxtapositioned chromosomes are oriented parallel with each other at a distance larger than the width of the synaptonemal complex. Thereafter, synaptonemal complex formation may occur, being initiated by rotation of the chromatin relative to the lateral component. Precursor material for the central region is organized along this lateral component and following exposure of the other lateral component and its binding to the free face of the organized central region, the synaptonemal complex has formed. It is further a general observation from a large number of diploid and polyploid organisms that synapsis during early zygotene is a highly specific event, combining only homologous segments, while at pachytene synaptonemal complexes may form as readily between nonhomologous segments. These changes correlate with changes in chromosome movements, which at the beginning ofzygotene are extensive but cease at pachytene (63) . A reasonable hypothesis accounting for these findings could be that synaptonemal complex formation is entirely unspecific (17) , its assembly being triggered in any region of alignment which has been maintained for a sufficient length of time. As a stable alignment at early zygotene with its vigorous movements is only possible in the presence of a high degree of homology between the aligned segments, synapsis will be specific while a stable alignment can occur between regions of low homology provided the chromosomes do not move. This hypothesis also explains why nonhomologous synapsis is occasionally observed at zygotene in regions where the chromosome movements have been impeded by interlocking (24, 54) .
Analyses of spread nuclei from monosomic 5B and euhexaploid wheat revealed at the leptotene to zygotene transition that the individual lateral component aligns with several other lateral components over short distances along its length, whereby virtual "networks" of multiply aligned lateral components form. These alignment events may reflect mutual tests for homology between chromosomes which are in the vicinity of each other. However, as the distance between the aligned segments generally is larger than the width of the central region, synaptonemal complexes have probably not formed in these regions. By means of such tests for homology, homologous chromosomes may be aligned over longer distances and synaptonemal complex formation initiated. This will occur primarily from the telomeres which are brought into proximity and confined in their movements to a two dimensional space by attachment to a limited region of the nuclear envelope.
In the absence of 5B the recognition process is less stringent permitting more frequent alignment and synaptonemal complex formation between homoeologues. This may be the result of less vigorous chromosome movements and a reduced treshold for homology recognition.
Correction of pairing
In all hexaploid genotypes analyzed, in trihaploids and in the wheat-rye hybrids, the number of pairing partner exchanges is generally higher at early zygotene than at later stages. However, only in euploid wheat are the pairing partner exchanges almost completely eliminated. In this study as well as the analysis of synaptic correction in the achiasmatic autotetraploid females of the silkworm, where correction from quadrivalents to bivalents is complete (55) , one gets the impression that the correction process as well as the directionality of the correction primarily is driven by the ongoing process ofsynapsis. During the progression of synapsis, pairing partner exchanges appear to be detected when synaptonemal complex formation has reached the exchange region from both sides and provided that crossing over has not occurred the central region of the synaptonemal complex is dissolved on the one side of the region of pairing partner exchange and reformed on the other side between the alternative combination of lateral components (52, 53 see 82 for review). As recognition and synaptonemal complex formation between any combination of the four homologues in the autotetraploid Bombyx must be assumed to be equally effective, it is considered likely that the directionality of correction will be determined by the length of the synaptonemal complex segments on either side of the region of pairing partner exchange. The region of pairing partner exchange may therefore move through the shorter synaptonemal complex segment until the telomeres are reached. In allopolyploids such as wheat the directionality of the correction may also be influenced by the differences in homology between the chromosomes in the multiple associations. Alignment during correction at zygotene may thus occur more readily between homologous than between homoeologous and nonhomologous chromosomes, facilitating synaptonemal complex formation between homologues. Multiple associations of type II are easily removed, as they merely represent short regions of synaptic contacts between otherwise homologously synapsed chromosome pairs while the single interstitial exchanges, flanked by long segments of synaptonemal complex requires extensive synaptic correction which generally have to extend to the telomeres to achieve completion.
In the trihaploids and the wheat-rye hybrids the correction may likewise favour synaptonemal complex formation between chromosomes that share the highest degree of homology, i.e. the homoeologues. The formation of several associations of two and three lateral components at the end of zygotene may thus indicate extensive synapsis between homoeologues.
The effect of chromosome 5B on synapsis and crossing over
The increase in the number of lateral components in multiple associations observed in nullisomic 5B wheat compared to the situation in euploid wheat cannot per se account for chiasma formation between the homoeologues. Crossing over between homoeologues do not occur in euploid wheat in spite of the retention of some pairing partner exchanges remaining at the pachytene stage where crossing over is assumed to occur. In monosomic 5B wheat crossing over do not occur between homoeologues, irrespective of substantial pairing partner exchange at pachytene between chromosomes presumed to be homoeologues. In euhaploid wheat only one chiasma is found in every six cells although up to 90% of the complement can be paired with synaptonemal complexes, of which a large fraction must be between homoeologues, while in the absence of chromosome 5B a mean of 6.7 chiasmata per cell is found (79) . In euploid, nullisomic 5B and monoisosomic 5BL hybrids between wheat and rye there is a tenfold difference between the mean number of chiasmata per cell in nullisomic 5B and euploid hybrids (6.9 and 0.7 chiasmata per cell) and a hundredfold difference between nullisomic 5B and monoisosomic 5BL hybrids (6.9 and 0.05 chiasmata per cell) even though the three genotypes achieve roughly the same degree of pairing.
The long arm of chromosome 5B accordingly has a dual effect on meiosis. If two copies are present synapsis occurs with a high stringency and crossing over is confined to homologous chromosomes while its absence leads to decreased stringency of synapsis and crossing over is permitted between partly homologous chromosomes. Six copies of chromosome 5BL also result in a relaxation of the specificity ofsynapsis and permissiveness for homoeologous crossing over. The question thus emerges whether the Ph locus on the long arm of chromosome 5B codes for a function common to synapsis and crossing over.
In hybrids between T. aestivum (carrying either the wild type allele Ph or the mutant allele phlb) and the tetraploid T. kotschyi there is extensive chiasma formation between the homoeologues (up to pentavalent) in plants carrying the phlb allele while very few chiasmata form in the presence of Ph (66). A detailed ultrastructural study of three spread microsporocyte nuclei, two carrying the ph 1 b and one the Ph allele, where about 90% of the complement had synapsed, revealed a two-to threefold increase in the frequency of lateral components and synaptonemal complexes in multiple associations in the two nuclei containing the ph lb allele compared to the nucleus with the wild type allele (16) . Furthermore, synapsis appeared to proceed slower in plants with the Ph allele than in plants with ph 1 b as evidenced by a high proportion of spread nuclei with little synapsis in the former genotype. It is thus apparent that in the phlb mutant, synapsis as well as crossing over occur more readily between chromosomes that are not homologous than in hybrids with the wild type allele, Ph. This indicates that both events indeed are affected by the Ph locus.
Hypotheses on the regulation of synapsis and crossing over in allopolyploids 4.6.1. Wheat
Among the hypotheses to explain the mechanisms ensuring disomic inheritance in allopolyploid plants (60, 64, 65, 81) two proposals as to the effect of Ph on meiosis in wheat have recently been under debate, namely the hypothesis of FELDMAN and AvIvI (13, 14, 15) that Ph exerts its effect on a premeiotic arrangements of chromosomes and the hypothesis of HOBOLTH (18, 82) that Ph controls the timing of crossing over relative to the correction of the multiple associations. According to FELDMAN tWO copies of Ph would ensure a close premeiotic alignment of homologues and thereby account for the exclusive presence of bivalents and the absence of interlocking at metaphase I. This prediction is incorrect as analyses of the leptotene-zygotene trahsition stage have failed to reveal such a large scale alignment (20, 21) . Furthermore, formation of multiple associations as well as interlocking are regular features of the zygotene pairing in wheat, their absence at metaphase I resulting from a correction of the multiple associations into bivalents and the resolution of the interlockings (20) . A second prediction from this theory, namely that the virtual absence of chiasmata in the trihaploids can be attributed to a lack of pairing between the homoeologues is also disproven, as there is extensive synaptonemal complex formation in the haploids, forming multiple associations as well as associations of two and three lateral components (79) . The proposed effect of different dosage of Ph on premeiotic associations, a zero dose resulting in a close alignment of homologues and their homoeologues and six doses suppressing all premeiotic associations, is likewise not supported as the effects of different dosage of the long arm of chromosome 5B on chiasma formation and interlocking appear to result from pairing arrest at meiotic prophase (section 4.3).
Likewise, the hypothesis of HOBOLTtJ (18, 82) suggesting that the Ph gene controls the timing of crossing over has also been disproven by the present series of investigations. According to this hypothesis the presence of two copies of Ph was suggested to ensure that crossing over first occurs after the correction is completed. It was expected that in the absence of Ph crossing over is permitted before the multivalents are corrected while the presence of six copies of Ph (in wheat carrying three copies of the long arm of chromosome 5B) should have postponed crossing over to a late stage, i.e. early diplotene, where the conditions for crossing over are suboptimal as degradation of the synaptonemal complex has started. Ultrastructural investigations of wheat triisosomic for 5BL have on the contrary shown that the reduction in chiasma frequency to half of that seen in euploid wheat correlates with pairing arrest at an early stage of zygotene (84) . Secondly, there is as originally described by FELDMAN some chiasma formation between homoeologues in this genotype. Thirdly, in euploid wheat, and in particular in monosomic 5B wheat, multiple associations persist through the interval of crossing over, but no chiasmata form between the homoeologues. Finally, extrapolating from the theory, the absence of chiasmata in trihaploid wheat should be attributed to a correction of all paired configurations into univalents before crossing over occurred. This is not the case as no indication for a correction into univalents is found in trihaploid Chinese Spring wheat, in which up to 40% of the complement synapses. Instead, the multiple associations are maintained until degradation of the synaptonemal complex is initiated at the onset of diplotene.
The present series of investigations have supported the proposal (20) that the disomic inheritance in allohexaploid wheat is ensured by: 1) A high stringency of chromosome pairing at zygotene, whereby primarily homologously paired bivalents primarily are formed. 2) A correction of chromosome pairing, whereby multiple associations are corrected into bivalents during zygotene and pachytene and 3) a suppression of crossing over between paired homoeologous segments. The Ph locus appears to affect the stringency:of synapsis as well as the supprersion of crossing over between partly homologous segments, whereas synaptic correction appears to be driven by the ongoing process of synapsis.
Lolium
Correction of chromosome pairing combined with a control of the placement of crossovers in multivalents have also been considered to account for the disomic inheritance in hybrids between Lolium temulentum (2n= 14) and Lolium perenne (2n=14), where the presence of "diploidising genes" in combination with the presence of accessory B chromosomes have an effect similar to that of the Ph gene in wheat. In the presence of four B chromosomes the allotetraploid hybrid behaves as a diploid showing bivalents, a few univalents, but no multivalents at metaphase I, while only univalents are seen at metaphase I in the diploid hybrid carrying two B chromosomes. In the absence of B chromosomes multivalents are present at metaphase I in the allotetraploid and in the diploid the complement is at this stage almost exclusively present as bivalen~s (11, 12, 40, 74) .
Serial'sectioning and three dimensional reconstruction of zygotene and pachytene nuclei of diploid hybrids, an allotriploid and the allotetraploids with and without diploidising factors disclosed a correction of synapsis from multiple associations into bivalents during zygotene and pachytene (31, 32, 33, 34) . However, in the diploid and the allotetraploids carrying the diploidising factors some multivalents persisted through the period of crossing over, while at metaphase I only univalents were present in the diploid and bivalents and univalents in the allotetraploid. It was concluded that B chromosomes and diploidising genes probably exerted their effect in Lolium hybrids by preventing crossing over between paired segments of homoeologues.
Synapsis between the chromosomes may, however, also be affected. Reconstructions of five pachytene nuclei from the diploid hybrid without the diploidising factors revealed the presence of seven almost completely synapsed bivalents where most of the length differences between the homoeologues, which differ in DNA content by about 50%, had been accomodated by length adjustment of the lateral components (31). In contrast, analysis of the diploid hybrid with the diploidising factors showed that in the two late pachytene nuclei studied only 32% and 21% of the complement had synapsed (34) . Reconstruction of a late zygotene nucleus of the allotetraploid hybrid without the diploidising factors revealed that 14 of the 28 chromosomes were in multiple associations while in the two reconstructed pachytene nuclei from the allotetraploid hybrid carrying the diploidising factors only a mean of 6.5 of the lateral components (excluding the B chromosomes, which formed a quadrivalent) were in multiple associations (33) . Hence, in the absence ofdiploidising factors, synapsis occurs more readily between the homoeologues in the diploid and in the tetraploid the presence of more pairing partner exchanges indicates a similar less stringent pairing. Preliminary investigations of spread microsporocytes of the diploid hybrids with the diploidising factors have, however, disclosed that also in this genotype can synapsis be complete (JENKINS, personal communication).
Effect of colchicine
As described in sections 3.2 and 3.3 differences in the bouquet organization as well as the timing of the resolution of the bouquet are apparent between the different materials investigated. The bouquet is more open and resolves at an earlier stage in the absence of chromosome 5B than in euploid materials while in diisosomic and triisosomic 5BL wheat the bouquet appears to persist into diplotene. These results indicate structural differences and/or differences in the timing of the intranuclear events such as chromosome movements depending on dosage of 5B.
As evidenced from time-lapse photomicrography of rat spermatocytes the application of colchicine during leptotene and zygotene stops chromosome movements (63) . When applied during premeiotic interphase and early meiotic prophase, severe asynapsis results in organisms such as Lilium and T. aestivum (2, 7, 8, 76 , see 1 and 75 for a discussion of the colchicine sensitive stages). In T. aestivum injection of co~lchicine into tillers containing microsporocytes at premeiotic interphase or early meiotic prophase results in substantial asynapsis and a low frequency of chiasma formation between homoeologues. DRISCOLL et al. (8) thus reported mean numbers of 21.28 univalents, 10.32 bivalents and 0.02 quadrivalents at metaphase I. FELDMAN and Avw~ (15) found that ifcolchicine was applied at a concentration of 5x10 "~ M or below, the chiasma frequency at metaphase I was reduced, several interlockings were present and in addition some chiasma formation between homoeologues was induced (an average of 0.16 chiasmata between homoeologues per cell), almost exclusively giving rise to heteromorphic bivalents. It was concluded that by the application of colchicine the action of six copies of the long arm of chromosome 5B could be phenocopied. In triisosomic 5BL wheat and nullisomic 5B wheat, however, the number ofchiasmata between homoeologues is several times higher than can be induced by colchicine (0.77 and 0.68 chiasmata between homoeologues per cell versus 0.16 chiasmata per cell in the colchicine treated material (15)).
As outlined in section 4.3 a reduction in chromosome movements at zygotene in hexaploid wheat probably results in a relaxation of the stringency of synapsis, which in allopolyploids like wheat may increase the number of pairing partner exchanges. The effect of colchicine may be merely to depotymerize cytoplasmic microtubules involved in movements of the attachment sites for the telomeres in the nuclear envelope, but may also be more complicated as biochemical studies of Litium microsporocytes have demonstrated a colchicine binding protein, insensitive to vinblastine, in a heavy lipoprotein fraction, possibly residing in the nuclear envelope. In untreated cells this fraction is also associated with a DNA binding protein, the R-protein, which facilitates the renaturation of DNA and of possible significance to synapsis. Following colchicine treatment a drastic decrease in the binding of the R-protein to the heavy lipoprotein fraction was found, and probably also the total amount of the R-protein had decreased (26, 70) .
It can at present not be excluded that the Ph locus affects chromosome movements and/or the synthesis of R protein. However, as colchicine treatment only appears to be able to induce a level of recombination between homoeologues, several orders of magnitude below that observed in nullisomic 5B, and wheat triisosomic for 5BL, such effects of Ph are considered less likely.
The effect of Ph
The dual effect of Ph affecting the stringency ofsynapsis and homologous crossing over might be explained if the absence of Ph provides for a type of pairing which permits crossing over between homoeologues. A possible mechanism affected could be the process of length adjustment of paired lateral components. It is a common observation at late zygotene that synaptonemal complex formation between chromosomes of different length, resulting from differences in DNA content, as found in partly homologous chromosomes or duplication heterozygotes, involves an adjustment of the length of the two lateral components. In such heteromorphic bivalents a perfect equality in the length of the two lateral components is achieved irrespective of large initial differences (31, 35, 46) . This is also the case in wheat, since all chromosomes in multiple associations in most cases appear as perfectly synapsed as homologous chromosomes. As the length adjustment may result in a displacement of the homoeoalleles along the synaptonemal complex, crossing over may not be possible in such adjusted segments. There is, however, no indications in the present series of investigations for a difference in length adjustment in nullisomic 5B and the other analyzed allohexaploid wheat genotypes.
Detailed suggestions as to the function of Ph await further analyses of the molecular aspects ofsynapsis and crossing over as well as a demonstration of that Ph is a single locus coding for a single protein or RNA species. A favourable experimental situation for exploring the molecular mechanisms of crossing over between chromosomes of partial homology exists, however, in yeasts. The lager brewing yeast, Saccharomyces carlsbergensis, appears to have a hybrid origin as it contains chromosomes which by genetic and molectrlar tests are homologous to those of S. cereviseae as well as chomosomes of partial homology to the S. cereviseae chromosomes (48, 50) .
In a previous speculation (25) it was suggested that the absence of Ph results in the synthesis of a molecule which can trigger the recombination machinery in homoeologously synapsed segments. In the present context it is considered relevant to draw attention to the recent speculations on common steps in synapsis and non-reciprocal recombination during meiosis. It has thus been proposed that heteroduplex formation between homologous regions in otherwise nonhomologous chromosomes during synapsis in some cases can result in short gene conversions between linked, nonalldic repeated genes or unlinked repeated genes (51) . In agreement with this proposal frequent gene conversion has been reported for heteroallelic genes inserted at different positions in the yeast genome (36, 41) . These ideas have been extended by CARPENTER (4) who suggested that homologous synapsis is achieved by initial pairing and synaptonemal complex formation between juxtapositioned chromosomes followed by a check for extended sequence homology via a recombination nodule mediated gene conversion-like event. Provided extensive homology synaptonemal complex formation proceeds whereas low or no homology leads to a dissociation of the synaptonemal complex.
As the timewise separated processes ofsynapsis and crossing over are assumed both to be initiated by heteroduplex formation, this might provide the common link in the action of the Ph Aerie. Two copies of Ph wildtype gene are optimal for heteroduplex formation which insures a maximum of homologue pairing and limits crossing over to homologous segments. Lack of the product of the Ph gene or extra amounts from six copies of the gene gives rise to heteroduplexes between homoeologous segments, the outcome being a higher number of pairing partner exchanges and crossing over between segments of partial homology.
